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ABSTRACT: To establish a compromise between ecological benefits and hydraulic flood risk, one needs a deep
knowledge of fluid mechanics. In particular, and in what concerns energy loss, it is necessary to possess a good
understanding of the processes that govern the rate of dissipation of TKE. This paper is aimed at quantifying this
turbulent rate of dissipation in flows within arrays of emergent stems. To achieve that goal, experimental work
was carried out featuring a periodic distribution of stem densities with minimum and maximum values of 400
and 1600 stems/m2, respectively. Instantaneous velocity maps were obtained with a Particle Image Velocimetry
(PIV) system at several positions, comprehending vertical planes aligned with the flow direction and horizontal
planes. Data is processed within the Double-Averaging Methodology (D-AM) in order to characterize the flow
at the inter-stem scale. The dissipation rate of TKE is calculated and discussed as function of the macro scale
Reynolds number and stem density. Mean flow energy loss is explained in terms of stem-scale processes.
1 INTRODUCTION
Within the EU-Water Framework Directive, restora-
tion river works should address simultaneously
hydraulic, ecological and landscape issues. Fluvial
vegetation performs crucial ecological roles in the
river corridor. It positively impacts water quality by
providing oxygen and by contributing to the depu-
ration of excess organic matter and heavy metals.
It promotes deposition of fine sediment, reducing
turbidity and allowing for the storage of nutrients
in the inter-stem space. Hence, interventions in the
river corridor frequently feature riparian and in-stream
vegetation patches. However, vegetation, especially
emergent vegetation, is also associated to higher block-
age ratios and increased flow resistance, leading to
higher water elevation relatively to a boundary layer
flow with the same discharge (Tanino and Nepf 2008).
To establish a compromise between ecological benefits
and hydraulic flood risk, one needs a deep knowl-
edge of fluid mechanics. In particular, and in what
concerns energy losses, it is necessary to possess
a good understanding of the processes that govern
the turbulent dissipation rate. This paper is aimed at
quantifying the turbulent rate of dissipation in flows
within arrays of emergent stems. To meet the stated
objective experimental work was performed. Since
actual wetlands exhibit patchiness and spatial variabil-
ity in stem density, the experiments featured a periodic
distribution of stems with minimum and maximum
densities of 400 and 1600 stems/m2, respectively.
The laboratory measurements comprise acquisition of
instantaneous velocity maps with a Particle Image
Velocimetry (PIV) system at several horizontal planes,
covering the flume’s width, and vertical planes aligned
with the flow direction. The data is processed within
the Double-Averaging Methodology (D-AM) in order
to characterize the flow at the inter-stem scale.
Concerning the organization of the paper, section 2
reproduces the theoretical framework that supports the
estimation of the dissipation rate based in experimental
spatial data. Then a brief description of the experimen-
tal setup in section is followed by a description of the
flow in section 4. The section 5 presents the results and
section 6 states the main conclusions.
2 METHODS
Every turbulent flow contains a quite large range of
scales, which are very often simply split into large and
small scales. They are not clearly separated, especially
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when experimental work at moderate Reynolds num-
ber is concerned. However, it is of common knowledge
that large scales are of the order of magnitude of the
flow width or depth, contain most of the flow energy
and dominate the transport of momentum, mass and
heat. Small scales can be defined as those in equilib-
rium in the sense of Tennekes and Lumley (1972), i.e.,
those always in approximate equilibrium with local
conditions of the mean flow, even though the latter may
be evolving. Within the inertial range, scales are large
compared to those dissipative but small compared to
large scales. In this range, energy is transferred from
larger to smaller scales without net loss or gain (cf.
Tennekes and Lumley 1972; Sreenivasan and Anto-
nia 1997). It may seem unrewarding the efforts placed
on the study of small scales since it is the large scale
range which governs most of energy and transport of
momentum. However, there are a great amount of rea-
sons to emphasis the study of small scales in turbulent
flows. Batchelor (1962) gave an already impressive
list of applications of the knowledge of small-scale
turbulence 50 years ago, which is still growing. One
reason for the interest is that a proper theory of turbu-
lence should well relate to the small scale, which has
the best prospect of being universal or quasi-universal
(Sreenivasan and Antonia 1997). Furthermore, a good
understanding of the small scale turbulent phenom-
ena is crucial for the adequate parametrization of
more general phenomena by any kind of upscaling
methodology.
In particular in what energy losses are concerned,
a result of great importance in fully developed tur-
bulence was found by Kolgomorov in his third 1941
paper.The so-called four-fifth law, both exact and non-
trivial, under some non restrictive conditions, states
that in homogeneous and isotropic turbulence the third
order longitudinal structure function, evaluated for
increments r small compared to the integral scale, is
given in terms of the mean energy dissipation per unit
mass, , by (Frisch 1995, p.76)
The third order structure function is the average of
the cube of velocity increments:
It should be noticed that equation (1) is only valid
when the third order structure function is considered
in the longitudinal direction, i.e. when velocity u and
increment r have the same direction.
The classical interpretation of this nonvanishing
third moment is that the energy flux from large to small
scales is unidirectional on average (Sreenivasan and
Antonia 1997). Equation (1) has an important role in
estimating the dissipation rate in experimental works.
If the data have good spatial resolution it leads to an
estimation with less ambiguity than the local isotropic
relation = 15ν(∂u/∂x)2.
Frisch (1995) presents a detailed derivation of the
four-fifths law starting with Kármán-Howarth-Monin
relation for anisotropic turbulence and considering a
driving force. This force is introduced because Kol-
mogorov had assumed a freely decaying turbulence,
but, in realistic flows, turbulence is usually main-
tained by mechanisms such as the interaction of the
flow with boundaries or thermal convective instabil-
ity. Only with the homogeneity assumption one can
express the energy dissipation through wavenumber
k by terms of third order velocity moments (Eq.6.17
in Frisch 1995). Then, introducing the assumption of
isotropy, it is possible to express the rate of dissipation
in terms of third order longitudinal structure function,
which is simpler to measure experimentally (Eq. 6.24
in Frisch 1995). From this step one gets equation (1)
introducing three assumptions specific to fully devel-
oped turbulence: i) the driving force is acting only at
large scales; ii) the dissipation rate is stationary and
iii) has a positive limit (Frisch 1995, pp.76–89). The
isotropy assumption assumes global isotropy (at all
scales), however final result refers only to the structure
function, which suggests that the result may also be
correct for scales where turbulence is locally isotropic
even when larger scales are anisotropic. One can easily
recognize this as a plausible suggestion but its proof
remains a theoretical challenge.
Within the scope of this experimental work, 2D
maps (with about 10 Kolmogorov length scales as spa-
tial resolution) of instantaneous velocity were acquired
in a horizontal plane, obtaining the streamwise and the
spanwise velocity components. More data points can
be obtained in spanwise than in the longitudinal direc-
tion. A estimation of the dissipation rate is obtained
by plotting the compensated third order longitudinal
structure function:
According to the four-fifths law, the compensated
function should present a plateau for the smallest incre-
ments, which value corresponds to the dissipation
rate.
Flows within vegetation requires heterogeneity and
anisotropy. However, the heterogeneity of those kind
of flows is on the time-average field. Considering
translations in spanwise direction, the flow is statisti-
cally invariant due to the periodic distribution of stems
(Frisch 1995, p.73). Since the turbulence of such kind
of flow is governed by the inter-stem space, it reveals
a strong tendency to isotropy, as presented by Ricardo
et al. (2011).
Assuming that the collected data have enough res-
olution to include increments within the inertial range
of scales, and assuming local isotropy in the studied
flow, the equation (3) will be employed to estimate the
dissipation rate of the flow within arrays of different
stem densities.
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Figure 1. a) Sketch of the flume where the experiments were
performed; b) Flume view during experiments.
3 LABORATORY FACILITIES AND
INSTRUMENTATION
The experimental work was carried out in a 12.5 m
long and 0.408 m wide tilting recirculation flume of
the Laboratory of Hydraulics of IST. The flume has
glass side walls, enabling flow visualization and laser
measurements. The flume bottom was covered with
a thin horizontal layer of gravel and sand and arrays
of rigid, vertical and cylindrical stems were randomly
placed along of a 3.5 m long reach simulating emergent
vegetation conditions. The stems have a diameter of
1.1 cm. Downstream the vegetation-covered reach, a
coarse gravel weir controlled the flow.
The stems were placed in order to create 15 cm long
patches with a higher density (≈1600 stems/m2) alter-
nated with patches of the same length with a lower
density (≈400 stems/m2). Both of reaches have the
flume width and they are separated by a 10 cm long
transition, where the stem density is approximately
1200 stems/m2 in one half and 800 stems/m2 on the
another half. Figure 1 presents a schematic represen-
tation of the flume and a picture of the flow during
the experiments that shows the patchiness of the array
of rigid cylinders, characterized by a wavelength of
0.5 m. Figure 2 is a plan view of the downstream part
of the vegetation-covered reach, which includes the 8
longitudinal positions where velocity maps were mea-
sured. The experimental data acquisition consisted in
instantaneous velocity maps obtained with a 532 nm,
30 mJ 2D Particle Image Velocimetry (PIV) system.
Figure 2. Plan view of part of the reach covered by stems.
Rectangles point out the longitudinal positions where the
velocity maps were acquired. The horizontal lines indicate
the location where vertical planes were measured. The arrow
indicates the streamwise direction.
The PIV is an optical technology that allows obtain-
ing the fluid velocity by measuring seeding particle
velocity. The system is composed of the laser head, the
power supply, the CCD camera and the acquisition sys-
tem. It is based on a double-cavity laser which allows
the user to set the delay between two laser pulses.
During experimental tests presented herein, the PIV
was operated at a sampling rate of 15 Hz and with a
time between pulses of 1500 µs. The seeding particles
used in this experimental work for flow visualization
were made of polyurethane with specific gravity of
1.31 and diameter range from 50 to 70 µm, with 60 µm
of mean.
For each longitudinal position, 9 vertical planes
were measured in the central part of the flume width,
with a displacement between planes of ≈ 1 cm (Fig. 2).
For each plane 10 × 573 images couples were col-
lected, representing a total acquisition time of 6′37′′.
The velocity flow field in the horizontal plane, for each
longitudinal position, was measured in 4 lateral posi-
tions along the spanwise direction in order to cover
all the flume width at a specific level z. The eleva-
tion chosen to acquire horizontal maps was around
60% of the flow depth, where the flow is mainly
controlled by the stems (cf. fig. 4). For these hori-
zontal measurements, each acquisition consisted on
a collection of 5000 images couples, which means
5′33′′ of consecutive measurements. The CCD of the
camera used has a size of 1600 × 1200 px2 and the
image correlation was performed with interrogation
areas of 16 × 16 px2, which allows a spatial series
of 100 points along the spanwise direction. For each
lateral position of the camera, an area of roughly
12.5 × 9.5 cm2 was measured, covering at least two
inter-stem spaces.This resolution corresponds to inter-
rogation volumes of 1.3 × 1.3 × 2 mm3, since the laser
light sheet has approximately 2 mm of thickness.
According to Nyquist theory, the minimum wavelength
of a turbulent structure which is possible to identify
is twice the interrogation length, in this case, 2.6 mm.
The theory of Hjemfelt and Mockros (1996) reveals the
seeding used is adequate for this experimental work,
since, for a significance level of 0.90, it allows the
identification of turbulent structures with the mini-
mum wavelength of 1.5 mm. This analysis considered
fc = V/λ, where fc and λ are the frequency and the
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Table 1. Properties of the flow for each longitudinal position.
P1 P2 P3 P4 P5 P6 P7 P8
x (m) 6.680 6.782 6.935 7.036 7.192 7.293 7.446 7.545
m (stems/m2) 1600 800 400 1200 1600 800 400 1200
〈u¯h〉 (m/s) 0.085 0.093 0.090 0.091 0.093 0.108 0.107 0.102
h (m) 0.066 0.063 0.062 0.061 0.056 0.054 0.054 0.053
dh/dx (−) −0.014 −0.027 −0.010 −0.009 −0.033 −0.016 −0.008 −0.008
zm/h (−) 0.57 0.61 0.61 0.62 0.67 0.69 0.56 0.59
ν (m2/s) 8.11E−07 7.96E−07 8.03E−07 7.65E−07 7.97E−07 7.88E−07 7.95E−07 8.21E−07
Rep (−) 1153 1281 1227 1304 1285 1508 1481 1365
Figure 3. Longitudinal profile of bed and free surface level.
wavelength of turbulent structures and V is the mean
flow velocity.
4 DESCRIPTION OF THE FLOW
4.1 Description of the time-averaged flow
This section presents a general description of the flow
variables and a qualitative description of the behaviour
of the velocity flow field within a dense array of stems
based on the mean velocity maps.
The tests were performed with a discharge of
2.33 ls−1. Table 1 presents flow properties for each
longitudinal position, where x stands for the distance
between the flume inlet and each position (longitudinal
spatial coordinate), m represents the stem density, 〈u¯h〉
is the mean velocity computed with measurements on
horizontal plane, h is the averaged flow depth, dh/dx
is the longitudinal gradient of flow depth, zm stands for
the level of the horizontal plane of measurements, and
Rep =〈u¯〉d/ν is the stems Reynolds number, where
d = 0.011 m is the stem diameter and ν stands for
the kinetic viscosity, which depends of water temper-
ature at the time of the measurements. A longitudinal
profile of the bed topography and the free surface is
presented in Figure 3, where each point is the cross
section averaged value. The studied flow is gradually
varied, accelerating as the flow depth decrease towards
downstream.
Figure 4. Profiles of mean longitudinal velocity for each
longitudinal position. The horizontal bar identifies the eleva-
tion of the horizontal velocity maps.
Figure 4 presents dimensionless profiles of mean
(time and space-averaged) longitudinal velocity at
each position. Those profiles were obtained apply-
ing the double averaging methodology to the data
acquired with the measurements in the vertical plane,
as described in Ferreira et al. (2009). H and U used
to normalize the velocity profiles correspond to the
depth of the flow where the flow is controlled by the
vertical elements and to the average of mean longi-
tudinal velocity in that reach, respectively. One can
observe that the velocity profile with a dense array
of emergent and rigid stems is quasi-constant in the
part of the flow depth where the flow is mainly gov-
erned by the stems. An exponential approach to zero
is identified near the bottom as it was expected due to
the presence of a boundary. At free surface, velocity
profiles show the effect of oscillations of that surface.
Figure 4 shows that the stem density does not impact
the shape of the velocity profile.
Maps of 2D horizontal time-averaged velocity are
presented in figure 5 for each of the 8 longitudinal
positions studied in the scope of this work. Each graph
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Figure 5. Time-averaged velocity maps.
correspond to an overlap of the time-averaged veloc-
ity field for the several lateral positions measured.
Those maps show that the flow within vegetated areas
presents a great heterogeneity in the time-averaged
flow, with lower velocity patches in the wake of the
stems and higher velocities in regions between stems.
One can also conclude, by the visual inspection, that
the flow heterogeneity decreases as the stem density
increase.
4.2 Spectral description
Featuring a brief spectral analysis, figures 6 and 7
present a mean energy and dissipation spectra for each
longitudinal position.The energy spectrum is obtained
by a power spectral density of a spatial series of veloc-
ity fluctuations, using the periodogram as spectral Figure 6. Mean energy and dissipation spectra for longitu-
dinal positions P1 to P4.
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Figure 7. Mean energy and dissipation spectra for longitu-
dinal positions P5 to P8.
estimator. The spatial series used correspond to fluctu-
ations of longitudinal velocity along y direction (series
with 100 values). The measurements of the lateral
position between y = 0.18 cm and y = 0.30 cm (fig. 5)
were used. The plots in figures 6 and 7 are time and
space-averaged spectra. The dissipation spectrum pre-
sented is obtained from the mean energy spectrum
of each longitudinal position by D(k) = 2νk2EN (k)
(Tennekes and Lumley 1972, p.269), where k = 2π/l
is the wavenumber corresponding to scale l.
Figures 6 and 7 show a inertial range, typically span-
ning an half decade starting at k = 500 m−1, where it
is visible a −5/3 slope reach in energy spectra. The
1/3 slope of dissipation spectra is not so long but
it is still visible for wavelengths between 1000 m−1
and 2000 m−1. About the productive range of scales, it
should be highlighted that the fingerprint of the differ-
ent scales in the flow are visible in the energy spectra.
The wavelength corresponding to the inter-stem space
of each position is approximately 250,175,125 and
220 m−1 for P1/P5, P2/P6, P3/P7 and P4/P8, respec-
tively. The spectra seem to indicate that the most
energetic scale is the inter-stem space of the region
immediately upstream of the measuring section, but
all the other densities have an important contribution
to the vortex generation, that persists when crossing
patches with different stem densities.This can be illus-
trated pointing out, for example, the graph for P1
where the highest peak is at k ≈ 250 m−1 which cor-
responds to the inter-stem space of the highest stem
density (reach characterized in that position) but there
are other two peaks at the wavenumbers of the smaller
densities.Another example is the case of P7, where the
highest peak represents the vortex generation within a
patch with the lowest stem density and following peaks
occur at the characteristic wavelength of the patches
with higher densities. These features may not be so
clear for transition regions, between the highest and the
lowest density, due to the short length of those reaches.
The flow may not have enough space to identify a
coherent structure with that characteristic size.
Surprisingly a clear sign of the stem diameter scale,
which corresponds to a wavelength of k ≈ 570 m−1, is
not detected in the energy spectrum. Apparently, the
turbulence generated due to the flow separation around
each cylinder has no special impact when compared
with the larger scale events due to the patchiness of
the flow.
5 RESULTS
To attempt an estimation of the dissipation rate, the
methodology described in section 2 was followed.
So, for each horizontal velocity map it was com-
puted the third order structure function of each series
of velocities in the spanwise direction, y direction
in the common orthonormal referential. Equation (2)
was considered as S3(r) = [(v(y + r) − v(y))3], where
v is the transverse component of the velocity field.
Then a time averaging of the instantaneous S3(r) was
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Figure 8. Third order structure function at a) P1 and b) P3.
Each plotted series corresponds to a time-averaged structure
function at a different cross section.
considered.The resultant averaged structure functions,
for the lateral position which starts at 0.18 m from the
right hand side wall of the flume, are presented in fig-
ure 8 for P1 and P3, positions with the highest and
lowest stem densities, respectively.
Concerning the goal of estimation of dissipation
rate, only the structure function values to the small-
est increments r are important. Figure 8 shows that
for range r < 1 cm the scales are in the inertial range,
since there is a linear relation between the third order
structure function and the increments.
The dissipation rate was estimated by identifying
the first plateau of the compensated structure functions
Figure 9. Mean dissipation rate for each longitudinal posi-
tion. The solid lines at the bottom stand for relative stem
density.
Figure 10. Mean dissipation rate against Reynolds number
associated to macro scale.
(eq. 3), for each position (lateral and longitudinal).
Figures 9 and 10 present a spatial-averaged dissipa-
tion rate involving all estimations for all the lateral
positions.
Figure 9 shows that the dissipation rate has a strong
correlation with the stem density, since it increases
with increasing density. There is an increase of the dis-
sipation rate from the first to the second wavelength
of the array modulation, i.e. from P1-P4 to P5-P8, due
to the pressure gradient. Figure 10 presents the cor-
relation of the mean dissipation rate with a Reynolds
number associated to a macro scale of the flow. The
macro scale was chosen as the mean inter-stem space,
s = 1/√m, then the Reynolds number is defined as
Res =〈u¯h〉s/ν. Figure 10 shows that the dissipation rate
decreases for increasing Reynolds numbers, within
each wavelength of the array modulation.
6 CONCLUSIONS
The goal of the present work was the quantification of
the turbulent dissipation rate in a flow within an array
of emergent stems with varying density.
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Spectral analysis showed that, in the reach of a spe-
cific stem density, spectral signature from upstream
patches, with different stem densities, are still visible.
The patchiness of the array of stems does not hide
the specific contribution of each stem density to the
energy budget.
The mean dissipation rate of TKE exhibits a pattern
of spatial variation close to that of the stem den-
sity. In both wavelength of the array modulation, the
rate of energy dissipation increased with stem den-
sity. An inverse tendency between dissipation rate and
macro scale Reynolds number was identified, since
the former decreases when the later increases. This
inverse correlation between energy dissipation rate and
macro length scale should be highlighted since it is an
important difference between flows within vegetation-
covered boundaries and the well known boundary layer
flows.
Furthermore, the data analysis performed proved
that PIV is a powerful acquisition system, since it
allows quite detailed spatial analysis in a turbulent
flow, allowing to capture phenomena occurring at the
inertial range of scales.
It should be noticed that the conclusions drawn in
this paper are the starting point of a complex work
which intends a detailed understanding of the scales
involved in the interaction of vegetations elements
with turbulent flows.
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